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ABSTRACT
10 Solution Photochemistry of Camphor
Irradiation of camphor in solutions of 95% ethanol or �-heptane
produces mainly a-campholenic aldehyde (�)o In ethanol a bicyclic
acetal (lQ) is also formed, while in �-heptane a bicyclic enol ether
(�) is formed instead of the acetal. Deuterium labelling experiments
indicate that the acetal is formed by reaction of a bicyclic oxycarbene
(�). with ethanol, and that the enol ether is formed from this oxy­
carbene in part by reaction with �-heptane and in part by an intra­
molecular rearrangemento
Two cyclobutanols (34 and 35) and an oxetane (1]0 which are
also produced on irradiation of camphor arise by secondary photolysis
of a-campholenic aldehyde�
1,2,2-Trimethylcyclopent-3-enyl methyl ketone (2), previously
thought to be a major product of the solution photolysis of camphor,
has been synthesized and shown to be absent from our product mixtureso
110 Synthesis and Solution Photochemistry of 222-Dimethylcyclobutanone
2�2-Dimethylcyclobutanone has been synthesized by a new and
convenient route which gives the desired product in 49% overall yield
from commercially available materialsp
Irradiation of 2,2-dimethylcyclobutanone in methylene chloride
or in pentane produced little or no 2,3-dihydro-2,2-dimethylfurano This













B. Results and Discussion
Formation of a-campho1enic aldehyde
The "anomalous" photoproduct

































I. SOLUTION PHOTOCHEMISTRY OF CAMPHOR1
2
INTRODUCTION
The first study of the photochemistry of camphor (1) was
reported by Ciamician and Silber in 1910 as part of their pioneering
studies of photochemical reactions. They showed that exposing a
solution of camphor in aqueous ethanol to sunlight for six months
produced a crude oil from whicha-campholenic aldehyde (l) could be
isolated as the corresponding hydroxamic acid or as a bisulfite






of cyclohexanone derivatives produces unsaturated aldehydes, and
that the bond from carbonyl carbon to the more substituteda -carbon
is broken preferentially. Now this reaction is recognized as typical
of saturated cyclic ketones 4,5, and is believed to proceed by way
of a diradica15 produced by breaking the bond between thea -carbon
and the carbonyl group.
When Ciamician and Silber's crude oil mentioned above was
extracted with aqueous bisulfite to remove all of the aldehyde
present and then was treated with semicarbazide, two crystalline
semicarbazones were isolated. One of these was identified as camphor
semicarbazone, while the other, which had mp (melting point) 151-1520
and was isomeric with camphor semicarbazone, was considered to be the
semicarbazone of some other ClOH160 ketone. Hydrolysis of this
semicarbazone gave a pure sample of the ClOH160 compound as an oil.
When this oil was oxidized with permanganate and then with chromic
o
acid, a dibasic ClOH1605 acid was produced which had mp 133-134 .
3
Ciamician and Silber did not identify this acid, but pointed out that
its mp was near those reported for isoketocamphoric acid (3, mp6








Another study of camphor photochemistry was not reported
until 1959, when Srinivasan described his experiments 8. Srinivasan
irradiated camphor with light from a mercury lamp in five different
solvents, remQved the solvents in vacuo, and analyzed the remaining
material by vpc (vapor phase chromatography). He found that the
same two rna in produc ts were a lways formed" and tha t they could be
separated on a preparative scale by chromatography on neutral
alumina. One of these products, which he found to be the main
product of the irradiation of camphor in aqueous ethanol, was iden­
tified as an aldehyde by its ir (infrared) absorption at 1735, 1620,
1445, 1385, 1370, and 1360 cm-l and was taken to be a-campholenic
aldehyde. The other main product was identified as a ketone on the
-1
basis of its ir absorption at 1715, 1615, 1440, 1360, and 1375 cm
uv (ultraviolet) absorption at 280.0 nm ( € 60), mass spectrum base
peak at mle 43, and the fact that it gave a positive iodoform test.
Assuming that this ketone was the same one Ciamician and Silber
isolated as a product of their camphor photolysis, Srinivasan sug­
gested that the ketone may be acetyl 1,2,2-trimethylcyclopent-3-ene (2),






The transformation of camphor into 2 is formally a Norrish
9
Type II elimination. This well �nown cleavage of ketones and aldehydes
possessing Y-hydrogens is believed to proceed through a six-membered
ring transition state by abstraction of a Y -hydrogen by carbonyl
oxygen and collapse to an olefin and the enol of a ketone or
an aldehyde ( 8S shown in figure 1). Such a six-membered
Figure I
ring transition state leading from camphor to 2 appears inordinately
strained in models. This reasoning led Srinivasan to consider that
5 must be produced by some other, hitherto unknown, pathway.
From the melting point depression of the camphor recovered
after irradiations with a 313 nm source were carried out to low
conversions and the solvents removed in �, Srinivasan calculated
a quantum yield for the formation of non-volatile products. For
irradiations in 3-methylpentane, diethyl ether, and methanol this
quantum yield was found to be 0.06. The ratio of ketone to aldehyde
5
produced, however, varied from 10 in Q-heptane and 3-methy1pentane
to 0.67 in ethanol (see table I). Since the reaction leading from
cyclic ketones to unsaturated aldehydes was known to be intramolecular
TABLE I










and relatively independent of solvent4, this striking variation of
the product ratio and invariance of the quantum yield with changes
in solvent led Srinivasan to propose the mechanism shown in figure 2
for the conversion of camphor into 2. According to this mechanism
changes in the ratio of ketone to aldehyde with solvent would be
8









Thus the photochemistry of camphor stood for a number of years.
10
It was widely accepted that irradiation of camphor gave a-campho1enic
aldehyde and an "anomalous" product, the ketone 2. Yet the assignment
of structure 2 rested on very little evidence, and the mechanism pro­
posed by Srinivasan for its formation from camphor was unprecedented.
The behavior of the rigid, strained carbon skeleton of camphor
in ionic ground state reactions has puzzled organic chemists for over
11
a hundred years . It has recently led to the development of new
concepts12, and still has no completely satisfactory theoretical
interpretation13 In thahope that the photochemistry of this
system would also be distinctive and interesting, we set out to
study the formation of the anomalous camphor photoproduct.
RESULTS AND DISCUSSION
Forma t ion of g, -Campho 1enic Aldehyde
7
We first attempted to duplicate the experiments of Ciamician
and Si1ber2, and of Srinivasan8. We irradiated pure camphor in 95%
ethanol and in �-heptane with Pyrex-filtered light from a high-pressure
mercury 1amp* and analyzed the resulting mixtures by vpc. Represen­
tat-ive chromatograms are shown in figure 3. The material corresponding
to each lettered peak was collected by preparative vpc and examined
spectroscopically. Peaks D and e consisted of unchanged camphor













*We also irradiated an aqueous ethanol solution of camphor
with sunlight for six months, and found qualitatively the same
result produced by our mercury lamp.




which showed no impurities in its nmr (nuclear magnetic resonance)
spectrum. Peaks C and d each consisted of a compound whose elemental
analysis and ir, nmr, and mass spectra suggested that it was
a-campholenic aldehyde. The identity of this compound was proven
by comparing its vpc retention time and ir spectrum with those of an
authentic sample of a-campholenic aldehyde prepared by the acid-




ca a yze rearrangement 0 �-pLnene OXL e
The "Anomalous" Photoproduct
Thus although we had expected the anomalous product to pre­
dominate in heptane, a-campholenic aldehyde was the main product
formed on irradiating �amphor either in ethanol or in heptane.
Furthermore the spectroscopic properties of the materials corres­
ponding to the other vpc peaks indicated that none of these con­
tained the anomalous product.
We considered that this product might have been formed in
heptane and decomposed photochemically during our photolysis. To
test this possibility we repeated the photolysis in heptane taking
aliquots for vpc analysis frequently, especially early in the re­
action, but no peaks other than those shqwn in figure 3 appeared.
We also considered that some impurity in our solvent might
be quenching the reaction leading to the anomalous product. In
this case the quantum yield for a -campholenic aldehyde formation in
our experiments should be less than 0.06. Under conditions which
differed from those reported by Srinivasan8 only in our use of a
25% more intense source, we irradiated camphor to very low con­
versions. In these experiments a -campholenic a ldehyde was the only
product detectable by vpc, and its quantum yield was found to be
Oo12t 00040 We concluded from this result that our failure to
observe the anomalous product was not due to quenching by impur-
t t Les ,
9
We finally synthesized the ketone 2 by the unambiguous route
outlined in figure 4. Since Ciamician and Silber used (+)-camphor
in their experiments, we used camphoric anhydride (6) derived from
(+)-camphor as our starting material. Camphonenic acid (2), which
had been prepared before by less convenient routes15, reacted with
methy11ithium16 to give a single product, which was assigned structure
5. The elemental analysis and ir, uv, nmr, and mass spectra of this
CH20
0 NH3 lCONH2 HOBr lNH2 CH202 IN(CH3l2COO OOH COcH
0
6
IN(CH3l2 H202 JLH3l2�J CH3Li 5COOH COcH COOH
7
Figure 4
product fully supported this structure assignment. The ir spectrum
showed C=C stretching at 1620 cm-1 and c=o stretching characteristic17
-1
of a pinacolone at 1698 cm . The uv spectrum showed only the weak
-rr"''( •• h ..
18
f d k hn-II trans�t�on c aracter�st�c 0 saturate etones •. T e nmr
spectrum consisted of mu1tip1ets for each of two vinyl protons, broad
doublets (J=17 Hz) for each of two a11y1ic protons, a singlet for
10
the methyl group of a methyl ketone, and singlets for each of three
methyl groups on sa t.u rated carbon. The ba se pea k in the rna ss spec trum
occurred at mle 109, corresponding to loss of acetyl radical from
the parent ion.







h h d'an � er, an y r�n�vasan, are compare w�t t e correspon �ng
properties of ketone i, in table II. These data indicate that the
earlier workers had not isolated 5.
TABLE II
Q-COCH3 CiamiC'!ian and Silber2 Srinivasan 8






Ultraviolet spectrum 286 mu (22, EtOH) - 280 mu (60, EtOH)
Semicarbazone m.p. 191-1930 (dec.) m. p. 151-1520 -
The vpc retention time of 5 fell between those of components
A and B of chromatogram 1 (figure 3), and coincided with that of
component b of chromatogram 2. After determining the minimum amount
of 5 that could be detected under our vpc conditions it was possible'
to say that less than 0.6%* of the mixture of photolysis products
from camphor in ethanol could have been 5. Component b appeared
from its ir and nmr spectra to be a mixture. The vinyl signals of
*This percenta¥� is only approximate and is high. Meinwald
and Chapman have shown that photolysis of ex. -campholenic aldehyde.
under conditions similar to ours produces mainly 1,5,5-trimethyl­
cyclopentadiene. We did not attempt to measure the amount of this
product formed in our experiments, and so the sum of the products
observed in our vpc analysis is less than the true total product.
Percentages of the photolysis product mixtures calculated on the
basis of the sum of the observed products will then be larger than
corresponding percentages of the actual total product.
11
2 were missing from the nmr spectrum of component b, in which 20%
of 2 should have been detected easilyo Since this vpc component
made up only 1%* of the products from the photolysis in heptane,
less than 0�2%* of this product mixture could have been 2� Thus
it is clear that 2 was not produced on irradiation of camphor in
our experiments.
It is possible to construct a believable explanation for the
isolation of a "ketone" photoproduct by Ciamician and Silber on the
basis of experiments reported by King and Farber in 1961190 Using
vpc these workers were able to show that the aldehyde product of acid­
catalyzed rearrangement of a�pinene oxide, previously consid�red
to be a-campholenic aldehyde, was actually a mixture of aldehydes
forming a semicarbazQue mixture of mp 137-13900 They found that
o
pure a-campholenic aldehyde forms a semicarbazone of mp 154-155 ,
o
and can be oxidized to isoketocamphoric acid <i), mp 130-131 0 If
Ciamician and Silber's bisulfite extractions had failed to remove
all of the a-campholen'ic aldehyde from their crude oil, their
o
semica rba zone of mp 151-152 could have be en a -campho lenic aldehyde
semicarbazone**o Hydrolysis of �his semicarbazone would have
given a-campholenic aldehyde� which is an oil; and oxidation of
this oil would have 'given isoketocamphoric acid.
It is DCE' clear what the material assigned structure 2 by
8
Srinivasan might have been.
Formation of Products by Way of a Carbene Intermediate
Thus frustrated in our attempt to study the mechanism of
formation of 2 from camphor, we set out to determine the structures
of the other photoproducts indicated in the chromatograms 9f figure 30
**This interpretation of Ciamician and f£lber's data was
suggested independently by Meinwald and Chapman 0
12
The components A and a were shown to be identical by com­
parison of their vpc retention times and ir, nmr, and mass spectra.





f 1 thvery c aracter�st�c �ntense = stret� �ng 0 an eno e ere
The nmr spectrum showed a one-proton doublet at 05.92 (J=6 Hz) and
a one-proton triplet at 4.78 (J=6 Hz) which fit the characteristic
21
chemical shift pattern of an enol ether with one proton on the
oxygen-bearing vinyl carbon and one proton on the adjacent vinyl
carbon. The ir and nmr data together suggest the part structure






J = 6 Hz
Figure 5
three singlets for methyl groups on saturated carbon and a five-proton
multiplet between 01.6 and 2.2, suggesting the part structure present
in camphor and shown in figure 6. Combining these two part structures
we arrive at the structure 8 for this photoproduct. The high-resolution
Figure 6




This structure assignment was confirmed,chemically by
oxidation of the enol ether with chromic acid in aqueous acetone
(Jones oxidation22) to the lactone �, which was identified by
comparison of its vpc retention time and ir spectrum with those
23
of authentic � prepared by peracetic acid oxidation of camphor •
tho
9
Component B was formed only when the photolysis was carried
out in ethanol. The ir spectrum of this material showed no vinyl
C-H, C=C, or C=O stretching. The strong bands in the spe c t runi'
occurred where the C-O-C stretching bands of ethers are usually
observed. The high-resolution mass spectrum of this material was
particularly informative, showing a small parent peak at mle 198.1583
corresponding to the composition C12H2202 (camphor + ethanol). The
mass spectrum also showed large peaks corresponding to loss of ethoxyl
and loss of ethanol from the parent ion. The nmr spectrum was con­
sistent with the rest of the data in suggesting structure lQ for this
material, and could be interpreted mqst easily by assuming that only
14
one diastereomer of 1Q was present and that one signal in the methyl
region belonged to an impurity (about 10%) not separated from lQ
by vpc*. The stereochemistry about the acetal carbon could not be
determined from the nmr spectrum.





f h 1 1 9 h h l.dJones ox� at�on 0 t e aceta to actone
_
in ig yie •
Formation of a ring-expanded acetal by irradiating a cyclic
k
.
1 h 1 f i d b d K· 1
24 .
etone �n a co b was �rst reporte y Yates an � murry �n
1964. They found that irradiation of cyclocamphanone (11) in ethanol
produced mainly 1l, and they proposed that the oxycarbene 11 might





support for their proposal by irradiating 11 in cyc10hexene and
i so La t ing a 1-: 1 a dduc t of cyc lohexene and 11, wh Lch wa s shown to
26
have the expected cyclopropane structure.
* We would like to acknowledge correspondence with Dr.
Robert Hutchins, Drexel Institute of Technology, which was helpful
in interpreting this nmr spectrum.
15
The other known examples of this kind of ring expansion in
saturated ketones all involve conversions of cyclobutanones to
27-30
a-alkoxytetrahydrofurans • The evidence that these reactions
proceed through oxycarbene intermediates is that irradiation of
14 in methanol-O-i27 gave 12, the carbene insertion product; and
27
that irradiation of 16 in benzene in the presence of oxygen gave
31-32




Previous attempts to generate oxycarbenes involved treating
a-haloethers with strong bases, and probably produced organometallic
34
reagents rather than free carbenes • These photochemical ring
expansions, which apparently provide a route to free oxycarbenes,
offered the first opportunities to observe oxycarbene reactivity.
The acetal 10 could arise from camphor by way of the oxycarbene
18 analogous to 11. The origin of the enol ether �, however, was




from the acetal, or it might arise directly from the carbene.
35
Thermal eliminations of alcohols from acetals are well known ,
and 1,2-hydrogen shifts in carbenes to give olefins have often been
36
observed ,although not specifically in an oxycarbene.
To determine the origin of 8 we irradiated camphor in 95%
ethanol-O-i (95% EtOD, 5% D20). If the enol ether arises from
the acetal the deuterated enol ether 19 should be isolated from this
photolysis, while if it arises by a 1,2-hydrogen shift in 18 the
undeuterated enol ether 8 should be produced.
19
When the photolysis was carried out in 95% ethan�l-O-i,
the chromatogram of the product mixture looked like that of the
products from the photolysis in ordinary ethanol (figure 3). The
enol ether, acetal, and camphor peaks were isolated by preparative
vpc and examined by nmr. The spectrum 9f the acetal was very similar
to that of jQ, but showed no signal for the acetal proton, indicating
the structure 20. The spectrum of the enol ether was like that of
� except that the low-field vinyl doublet was missing and the
higher-field vinyl triplet was replaced by a doublet (J=6 Hz),
17
indicating that the enol ether formed was 19. The spectrum of the
recovered camphor showed that camphor had incorporated no deuterium
during the photolysis. Therefore the enol ether does not arise by a
1,2-hydrogen shift in �, but probably arises exclusively from
thermal decomposition of the acetal during vpc. This conclusion
is consistent with the observation that vpc·purified acetal always
gave comparable amounts of acetal and enol ether when it was resub­
jected to vpc (inject6r block at 2350).
In view of this result we were all the more interested in
knowing the origin of the enol ether in heptane, where no acetal can
be formed. To discover this we irradiated camphor-3,3-�2 (1l)37 in
heptane. The chromatogram of the product mixture looked the same





and the peaks a, c, and d-g were collected by preparative vpc. The
deuterium content of the starting camphor and of the recovered
camphor was determined by mass spectrometry to be 91% �2' 7% �l' 2%�.
The mass spectrum of the enol ether showed that it was 16% �2' 75% �l'
18
and 9%�. The nmr spectrum of this enol ether was like that of
� except that the low-field vinyl doublet of � was replaced by a
singlet integrating for only 0.73 proton, and the higher-field vinyl
signal of � was almost undetectable--integrating for 0.05 proton.
Thus the enol ether must be a mixture of about 19% 22, 74% 23, and 7%
8.
22 23
The formation of II may occur as shown in figure 7. The
oxycarbene 24 abstracts hydrogen from solvent, and the solvent radical
then abstracts deuterium from the radical�. In unlabelled camphor
the net change is a 1,2-hydrogen migration. Hydrogen abstraction of
the sort postulated in figute 7 is a well�known reaction of some
carbenes, especially diarylcarbenes, but the observed products in
these cases are results of radical coupling reactions38 instead
of apparent 1,2-hydrogen migrations.




In view of the reactivity of oxycarbene � {n hydrogen
abstraction, we cannot rule out the possibility that some of the
deuterated enol ether 19 formed when camphor was irradiated in
ethanol-O-� might also have arisen by the kind of mechanism out-
lined in figure 7, with carbene 18 abstracting deuterium from ethanol­
O-do However this possibility seems unlikely because free radicals
are known to abstract the carbinyl hydrogen of an alcohol rather
39
than the hydroxyl hydrogen 0
The dideuterated enol ether might arise by a 1,2-deuterium
shift in the carbene 24, or it might arise by the kind of pathway
suggested for the formation of 23, with carbene abstracting deuterium
from camphor-�2 instead of from the solvent. The 1,2-deuterium
shift is by far the more likely of these two possibilities, howevero
In the photolysis of camphor-3,3-�2 the concentration of Q-heptane was
74 times that of camphor-�2p Since each molecule of heptane has 16
abstractable hydrogens while each molecule of camphor-£2 h�s only
two deuteriums, and since about 20% of the enol ether formed was
dideuterated, if the dideuterated enol ether were formed by the kind
of pathway shown in figure 7 the carbene would have to abstract
deuterium from camphor-�2 about 230 times faster than it abstracts
hydrogen from heptane (on a per hydrogen basis) in spite of the fact
that a primary deuterium isotope effect would be expected to slow the
deuterium abstraction somewhat*o This selectivity might be compared
with the selectivity of a free radical in abstracting similar types
of hydrogen atomso The phenyl radical reacts very much as the methyl
radical does, and is moderately selective in hydrogen abstraction
*Deuterium isot�8e4Iffects for carbene insertions into C-H
bonds fall in the range
' 102-1080 For free ��dical hydrogen
abstractions the isotope effect falls in a range from slightly
over 1 to about 80 Deuterium isotope effects for hydrogen abstrac­
tions of carbenes have not been determinedo
20
. 43
h freact�ons ,but it abstracts hydrogen from tea-positions 0
acetone only 0�47 times as fast as from Q-heptane (on a per hydrogen
b
. )44as�s • That is, the phepyl radical actually abstracts hydrogen
from actone less readily than from !!1heptane, although the selectivity
is slight. Yet in general, carbenes are less selective in their
reactions than are free radicals45• Thus the demand that 24 must
show great selectivity in abstracting deuterium from camphor-�2
seems unreasonable, and it follows that 22 probably does not arise
by deuterium abstraction from camphor-�20
Assuming that the dideuterated enol ether arises from
camphor-�2 by a 1,2-deuterium shift, we can calculate how much of
the enol ether from ordinary camphor arises by a 1,2-hydrogen shifto
41
If ,the deuterium isotype effect is the same as that measured
for the same reaction in ethylcarbene (�/kD=1.4), it follows that
29% of the enol ether produced on irradiation of camphor in hep­
tane arises by a 1,2-hydrogen shift in oxycarbene 180
The Oxetane Product
When camphor was irradiated in heptane the minor component
c (figure 3) was found in the product mixture. Even though this
component made up only about 1% (see footnote on po 10) of the
product mixture, and was therefore available only iin' small quan­
tities, its structure could be deduced readily because of the
simplicity of its ir and nmr spectra. The nmr spectrum consisted
of a sliarp J six-proton singlet at 0.78 ppm, a three-proton singlet
at 1038, a broad four-proton sigpal at 1.90, a one-proton multiplet
at 2014, and a broad two-proton signal at 4010. The equivalence of
two methyl groups suggested a molecule with a plane of symmetryo
This plane could be either the one which includes all three carbon
atoms of the gem-dimethyl group, or the one perpendicular to this
and passing through the central carbon atom of the gem-dimethyl
groupo The ir spectrum contained no absorption for vinyl C-H,
21
c=c, or C=O stretching, but showed absorption in the ether C-O-C
-1
stretching region and strong absorption at 955 cm which is char-
46
acteristic of oxetanes • The high-resolution mass spectrum of
this compound showed a parent peak at mle 152.1186 corresponding to
the composition ClOH160. The structure 26 met the exacting require­
ments of these data, and was a satisfying solution to the problem
since photochemical addition of the carbonyl group of a-campholenic
aldehyde to its neighboring carbon-carbon double bond as shown in
figure 8 would give 26 in an intramolecular case of the well-known
P
, BJJ h i .
47







Some support for the assignment of structure 26 and for the
assumption that � is derived from a-campholenic aldehyde came from
the photolysis of camphor-�2. The nmr spectrum of the a-campholenic
aldehyde isolated from this reaction showed clearly that it had
structure 27. The oxetane derived from this aldehyde would be
expected to have structure 28, and in fact the nmr spectrum of the
oxetane isolated was consistent with the structure 28. The spectrum
was virtually the same as that of 26 except that the four-proton









The assignment of structure � was confirmed by reducing the







The components E and f, and F and g (figure 3), were found to
be identical by comparisons of their vpc retention times and ir and
nmr spectra. Microanalyses indicated that both compounds were
isomeric with camphor. The ir spectra of these compounds were very
similar, each showing O-H, vinyl C-H, and C=C stretching bands. The
nmr spectra were also remarkably similar, each showing one vinyl
proton, a three-proton triplet (J=1.5 Hz) at about <51.6, two methyl
singlets, and one proton which exchanged readily with D20. These
data indicated that the compounds were closely related alcohols




f h f h 1 h 1 hJones ox� at�on 0 eac 0 t ese a co 0 s gave t e same
compound, whose ir spectrum showed that it was a cyclobutanone and
23
still had a carbon-carbon double bond. The uv spectrum of this
*
compound showed the characteristic n-TI absorption of S,y-unsat-
urated ketones in which the two double bonds interact49,50 and
was virtually identical with the spectrum of bicy�lo 3.2.0
51
hept-2-en-7-one (30) • Chemical shift data from the nmr spectrum
were quite similar to the corresponding data published
30,52 for
cyclobutanones 11 and 32, as shown in table III. We considered
the possibility that our cyclobutanone and 11 were identical,
o
30 31 32
but when we compared the actual nmr and ir curves* for 11 with
those of our cyclobutanone, we found the two sets of spectra to
be significantly different. The signal at 84.0 in the spectra of
31 and 32 seems to be characteristic of the proton which is both
allylic and a- to the cyclobutanone carbonyl group, and the signal
a 64.0 in the spectrum of our cyclobutanone probably belongs to
this type of proton. The one-to-one correspondence between the nmr
signals of 11 and those of our cyclobutanone is quite striking,
and strongly suggests that the two compounds differ only slightly
in structure. In particular both compounds appear to have one
vinyl proton and one methyl group on a carbon-carbon double bond,
* We would like to thank Dr. William F. Erman, The Proctor










Position Signal, 8 (CCI4) Position Signal, 8 (CDC13)
C(2)-H 5.15 (broad s,IH) C(3)-H 5.22 (m, IH) C(3)-H 5.46 (m, 1H)
C(1)-H 4.0 (m, IH) C(I)-H 4.0 (m, 1H) C(1)-H 4.03 (m , 1H)
C(6)-H, H 2.9 (m , 2H) C(6)-H, H 3.02 (m, 2H)
C(5)-H 2.6 (m, lH) C(5)-H 2.56 (m, IH) C(4)-H,H; 2.55 (m, 3H)
C(5)-H
C(3)-CH3 1. 68 (tt, 3H) C(2)-CH3 1. 71 (broad 5, 3H) C(2)-CH3 1. 75 (m, 3H)
C(4)-CH3 1. 12 (5, 3H) C(4)-CH3 1. 15 (5, 3H) C(6)-CH3 1.19 (5, 3H)
C(4)-CH3 1. 07 (5, 3H) C(4)-CH3 1.1 (5, 3H) C(6)-CH3 1. 12 (5, 3H)
*
Compounds are numbered as derivatives of bicyclo [3.2.0] hept-2-en-7-one
tAn apparent triplet, J = 1. 5 Hz
app
an a lly1ic proton 0.- to the carbonyl group, a methylene group n-
to the carbonyl group, and a gem-dimethyl group. The high-resolution
mass spectrum of our cyc10butanone showed a parent peak at mle
150.1038 corresponding to the expected composition C10H140, and
the base peak was at M-42 corresponding to loss of ketene from
the parent ion and confirming that our cyc1obutanone has a
methylene group adjacent to its carbonyl group.
The requirements that our cyc1obutanone have the compo­
sition C10H140, that it be a S,y-unsaturated ketone with a methyl
group and a hydrogen on its carbon-carbon double bond, that it
have a methylene group on one side of its carbonyl group and an
a11y1ic proton on the other side, and that it have two methyl groups
25
on saturated carbon which show singlets in the nmr spectrum, allow
only l! and 33 as possible structures. Since structure 31 was
already ruled out, our cyc1obutanone must be 33. The cyc1obutano1s
from which 33 was derived then have structures 34 and 35. These
alcohols could easily arise froma -campho1enic aldehyde by a well
53
known route, involving abstraction of y -hydrogen by the carbonyl
0=0
33 34 35
oxygen, followed by collapse of the resulting diradica1 to the two
cyc10butano1s (as shown in figure 9).
Our photolyses always produced 4 to 5 times more of one
cyc10butano1 than of the other. We could assign the stereochemistry
of these compounds by reducing 33 with sodium borohydride. Examin­




- 34 + 35
Figure 9
be much more crowded than the convex (top) side, and since hydride
should be delivered to the less crowded side of the carbonyl group54,
the major product of this reduction should be 34. In fact the
reduction gave a 98% yield of the alcohol produced in greater
26
amounts in the photolyses and a 2% yield of the other alcohol.
Therefore in the photolyses the endo-alcohol 34 is produced in
greater amounts than the �-alcohol 35 in spite of the fact that
34 is probably the less stable of the two isomers because of the
more crowded environment of its hydroxyl group. This probably means
that collapse of the initially formed diradical 36 to 34, which
requires very little motion, is faster than the rotation about
a carbon-carbon bond required to give the diradical which can
collapse to 35. This reasoning has been used before to rationalize
stereoselectivity' in photochemica 1 cyc Lobu ta no I formation53•
The nmr spectra of the cyclobutanols isolated from the
photolysis of camphor-�2 supported the assignment of structures
34 and 35 and the assumption that these compounds were formed from
a-campholenic aldehyde. If dideuterated a-campholenic aldehyde
(]]_) were to undergo cyclobutanol formation ,as described,
6,6-dideutero-34 (11) and 6,6-dideutero-35 should be formed in­
stead of 34 and 35. In fact the deuterated alcohol with the re-





itself except that signals for two protons between 02.4 and 1.8
were missing and spin-spin splitting was reduced in the deuterated
alcohol. Similarly the deuterated alcohol corresponding to 35
gave an nmr spectrum very similar to that of 35 itself, but with
27
signals for two protons between cS 3.0 and 1.6 missing and spin-spin
splitting reduced in the deuterated alcohol. Spin-decoup1ing exper­
iments on 1I revealed the reason for the characteristic methyl triplets
in the nmr spectra of 33, 34, 1}, 1I, and 6,6-dideutero-35. The
methyl group is coupled both to the vinyl proton (J=1.5 Hz), and to
55
the a11y1ic bridgehead proton (J=2 Hz), and the resulting two
overlapping doublets appear as a triplet.
Thus we have identified all of the products making up more
than 1-2% (see footnote on p. 10) of the photolysis product mixtures.
56
Irradiation of camphor might also have been expected to produce
the ketene corresponding to trans-campholanic acid (38), but Quinkert
has shown57 that less than a 1% yield of 38 is produced when camphor
..
38
is irradiated in aqueous dioxane. In our irradiation of camphor
in ethanol the ethyl ester of 38 may have been produced, but its
vpc retention time would have been long, and the resulting small,
broad peak could have been missed.
Irradiation of a-Campho1enic Aldehyde
We also irradiateda -campho1enic aldehyde in 95% ethanol
and in n- heptane. The photolysis in ethanol gave mostly a very
vo1ati1: product (presumably 1,5,5-trimethy1cyc10pentadiene14) and
also materials with the vpc retention times of 34 and 35. The
acetal 10 and the enol ether �, however, were not produced.
28
When the aldehyde was irradiated in �-heptane a number of
products were detected by vpc (see figure 10). The peaks lettered
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Figure 10
lettered peaks in figure 3. Peaks c, d, f, and g were collected
and shown to be the oxetane 36, a-campholenic aldehyde, and the
cyclobutanols 34 and 35, respectively. The retention time of
enol ether 8 falls between those of peaks 0 and b, and so this
compound would have been seen if it had been present in the
product mixture.
These results fully support the conclusion that in our
camphor photolyses only a-campho1enic aldehyde, enol ether �, and
acetal lQ arise directly from camphor. Oxetane 26 and the cyc1o­




In summary, irradiation of camphor in 95% ethanol gr in
g-heptane produced mainly a-campholenic aldehyde. The oxycarbene
� was also produced, and reacted with solvent to give the acetal
.10 in ethanol and the enol ether � in heptane. The formation of an
unsaturated aldehyde from camphor is an example of a common ketone
photoreaction4, while oxycarbene formation has not been observed
ft 24, 27-30o en
14
Meinwald and Chapman have shown that photolysis of nor-
camphor (39) gives the aldehyde 40 and n9t the aldehyde 41 analogous
to a-campholenic a ldehyde. Thus abstraction of y -hydrogen through a





abstraction of a-hydrogen through a six-membered ring transition
state. Presumably this would be true in camphor as well, but the
,-hydrogens in camphor are replaced by methyl groups and so the
less favorable mechanism can operate to give a-campholenic
14
aldehyde
Since Norrish type II cleavage and cyclobutanol formation
do not occur in camphor, presumably for steric reasons already
discussed, and since aldehyde formation must proceed by a slow
mechanism, the oxycarbene formation can be observed.
The oxycarbene could of course be formed by cyclization of
the same diradical that forms a-campholenic aldehyde, but it could
30
also arise by a different route.
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Wagner has reported that most of
the formation of a. -campholenic a ldehyde from camphor is not affected
by triplet quenchers, and presumably occurs by way of excited singlet
camphor. On the other hand our oXYGarbene (ll) inserts into the O-H
bond of ethanol 'and abstracts hydrogen from n-heptane--reactions





benzoylcarbene ,and an unspecified state of
seems likely then that triplet oxycarbene 18 is reacting in our
experiments. If this is the case then it might be formed from
triplet camphor, or alternatively singlet carbene might form from
excited singlet camphor and then undergo intersystem crossing to
triplet carbene" If II does undergo a 1,2-hydrogen shift, this
reaction could proceed through singlet �, since in the case of
32
methylphenylcarbene, it has been shown that the singlet is mainly
responsible for the l,2-hydrogen shift observed. Singlet 18 could
be imag{ned to arise either directly from excited singlet camphor
or from triplet camphor by way of triplet ll. It may be then that
both a singlet and a triplet oxycarbene II are reacting in our
experiments, but it is not clear how the singlet and triplet II
are related energetically or what excited state of camphor produces
each of them.
Thus a number of questions have been raised by the camphor
experiments. What e�cited state of camphor produces the oxycarbene
ll? Does � really undergo a 1,2-hydrogen shift? What is the
multiplicity of the oxycarbene that produces each of the observed
products? What is the ground state of III
We hoped to be able to answer some of these questions by
studying the photochemist�y of 2,2-dimethylcyclobutanone (14). In
27
work mentioned earlier Turro and Southam showed that irradiation
of 14 in methanol-O-� gave mainly acetal 12, presumably by way of an
31
oxycarbene analogous to 18. Since � was formed in comparable
amounts whether camphor was irradiated in ethanol or in heptane,
we expected that irradiation of 14 in a hydrocarbon solvent would
produce mainly an oxycarbene, just as it hadoin methanol. It would
be much more convenient to study this oxycarbene than to study �
itself since � is only a minor product of the photolysis of camphor,





Eastman white label (-)-camphor was further purified by vpc
and then showed less than 0.05% impurities on vpc analysis. Eastman
white label (+)-camphor was used without further purification and
showed less than 0.05% impurities on vpc analysis8 Phillips 9"9%-pure
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grade g-heptane was further purified 'by shaking successively
with: 1) small portions of conc. H2S04 until the acid layer remained
colorless, 2) H20, 3) 10% aq. Na2C03 until CO2 evolution ceased,
4) H20, and then drying over Na2S04 followed by distillation.
Ethanol (95%) was distilled before use.
All vpc was done using a Varian Aerograph model 700 Autoprep
with a 20' x 1/4" stainless steel column packed with 30% FFAP on
Chromosorb W. Unless otherwise noted the column oven temperature
was 205 ± 50 and the helium carrier gas flow rate was 100 ml/min.
Unless otherwise noted both ir and nmr spectra were obtained for
CC14 solutions, the former on a Perkin-Elmer 237 B spectrophotometer
and the latter on a Varian A-60 spectrometer. A Varian C-I024
Time Averaging Computer was employed for multiple-scan nmr spectra.
A Hanovia model L mercury lamp with quartz immersion well
and Pyrex filter was used in all photolyses except the quantum yield
determinations. Photolyses were c;rried out at about 150, in mag­
netically stirred solutions.
In the quantum yield determinations the light source was a
Hanovia 1000 watt compact mercury-xenon lamp. The desired wavelengths
were selected using a Bausch and Lomb No. 33-86-25-01 monochromator
and Corning 7-54 filter. The beam spectrum was ana'.l,yzed, and beam
intensity monitored during the photolyses, using a Czerny-Turner No.
1800 spectrometer in conjunction with a Hamamatsu RI06 photomultiplier
tube. Irradiations were carried out at about 250•
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Photolysis of (±) -Camphor in n-Heptane
+
A solution of (-)-camphor (700 mgo) in 350 ml of £-heptane
was flushed with dry nitrogen for 45 min and irradiated under nitrogen
for 10 hrso An aliquot of the resulting solution was examined by
vpc and found to contain enol ether � (retention time 601 min), minor
component b (805 min)� oxetane � (1000 min), a-campho1enic aldehyde
(�) (1200 min), unreacted camphor (1) (1407 min), cyc1obutanol 34
(1907 min), and cyc1obutanol 35 (23.6 min). The ratios �:b:�:�:34:351
were 10:1:105:69:15:40 The solution was concentrated by distillation
through a Vigreux column under nitrogen at aspirator pressure, and
the concentrated solution was subjected to preparative vpco
1�828-Trimethyl-2-oxabicyclo[302.D oct-3-ene (8) The enol
ether 8 is a volatile, white, crystalline solid at room temperature;
-1
ir: 3060, 1638 (s), 1245 (s), 1050 (s), 835, 720 cm ; nmr:O 5092 (d,
J::::6 Hz, IH), 4078 (t, J=6 Hz, 1HL 1.6-2,2 (rn , 5H), 1013 (s, 3H), L05
(s, 3H), 0097 (s, 3H); mass spectrum (intensity values from low
resolution spectrum, elemental composition from high resolution
+
spectrum): mle 15201204 (M �70%, ca1cd for C10H160 15201201, 137
(M-CH3, 55%), 109 (M-C2H30 and M-C3H7, 45%), 96 (M-C4H8, 90%),
83 (M-C4H50, 100%)0
Minor Component b Infrared: 1721, 1450, 1375
-1
cm From its
nmr spectrum this material appeared to be a mixture; it was not
further examinedo
a-Campholenic Aldehyde (2) Ao By photolysis, ir: 3039,
-1
2710� 1728, 1690 (w) cm ; nmr :0 9074 (t, J=105 Hz, IH), 5022
(broad, 1H), 207-107 (m, 5H), 1060 (m, J=l Hz, 3H), 0097 (s, 3H),
0075 (s, 3H); mass spectrum: mle 152 (M+, 3%), 109 (M-43, 24%),
108 (M-44, 100%), 95 (M-57, 29%), 93 (M-59, 55%)0 Bo From a-pinene
oxide: The aldehyde was also prepared from a-pinene oxide by the
14
method of Meinwald and Chapman and purified by preparative vpc
34
099% pure). Retention time on vpc and ir apectrum were identical
with those of aldehyde produced photolytically.
Ana 1. Calcd for ClOH160: C, 78.90; H, 10.59. Found: C,
79.l0;R, 10.52.
endo-3,4,4-Trimethylbicyclo(3.2.Cj} hept-2-en-7-ol (34) The
cyclobutanol 34 was obtained as a cblmtless oil. Infrared: 3595,
-13400 (broad), 3015, 1635, 1110 (s), 1080 (s), 825, 710 cm ; nmr
<5 5.27 (broad, lH), 4.0 (m , lH), 3.40 (broad, 1 H), 2.4-108 (rn , 3H),
1066 (t, J=105 Hz, 3H),CA1.6 (s, lH, shifted upfield on dilution;
exchanges with D20), 0.95 (s, 3H), 0.92 (s, 3H).
Anal. Calcd for ClOH160: C, 78.90; H, 10.59. Found C, 79021;
H, 10.76.
exo-3,4,4-Trimethylbicyclo [3.2.g hept-2-en-7-ol (35) The
minor hydroxylic photoproduct is a colorless oil. Infrared: 3620,
3350 (broaa)_, 3030, 1635, 1050 (sL 850 cm-l; nmr : 85.24 (broad, lH),
3.85 (m, lH), 3.34 (s, lH, shifted upfield on dilution), 3.0-1.6
(4H) , 1.62 (t, J=1.5 Hz, 3H), 0.96 (s, BH), 0.91 (s, 3H).
Anal. Calcd for ClOH160: C, 78.90; H, 10.59. Found: C,
79.11; H� 10.9le
Photolysis of (±)-Camphor in 95% Ethanol
A solution of (±)-camphor (416 mg) in 450 ml of 95% ethanol
was flushed with nitrogen for 45 min and irradiated under nit�ogen
10,·h6tirs�J.l The solution was diluted with I 10 o fc d Ls t I l.Led water
and extracted with ether. The ether extracts were back-extracted
with water, dried over �a2S04' and concentrated to a small volume
by distillation through a Vigreux column. The resulting solution
was examined by vpc and found to contain the same compounds found
after the photolysis in g-heptane, except that the acetal 10 was
eluted in the place of minor component band oxetane �o The ratios
35
�:1Q:l:34:35 were 6:8:79:5.5:1.5. Photoproducts were isolated by
preparative vpc.
3-Ethoxy-l,8,8-trimethyl-2-oxabicyclo Oo2.Y octane (10) The
acetal 10 was obtained as a colorless oil which decomposes on standing
o
even at 4. Infrared: 1295, 1215, 1180, 1150, 1125 (s), 1074 (s),
1050, 1015 ,(vs) , 985, 933, 906 (s), 858, 833 cm-l; nmr (ppm downfield
from external tetramethylsilane in CC14): 4.64 (d, J=5 Hz, 0.8H),
3.0-3.92 (XY part of A3XY system, J =7 Hz, J =10 Hz, 106H), 1058-AX BX
2.33 (m, 6.8H), 0.67-1.33 (m, l2.9H); mass spectrum: mle 19801583
(M+,. 005%, ca Lc d for C12H2202: 198.16197), 153 (M-45, 6%), 152
(M-46, l6%�)� 137 (M-6l, 17%), 109 (M-89, 42%), 108 (M-90,
100%).
Photolysis of (±)-Camphor in Agueous Ethanol Using Sunlight
+
A solution of (-)-camphor (125 g) in 625 ml 95% ethanol and
460 ml distilled water was left in a soft glass flask in full
Manhattan sunlight from May 4 until October 19, 1966. The result-
ing solution was worked up as described for the photolysis of (�)­
camphor in 95% ethanol with our mercury lampo The vpc retention times
and relative amounts of the components of the product mixture were the
same in this case as those observed in the mercury lamp photolysis.
The conversion of camphor to products, however, was only about 3%.
Quantum Yield for a-Campholenic Aldehyde Formation
+
A solution of (-)-camphor (0077 g in experiment Noo 1 and
0083 g in experiment Noo 2) in 3.5 ml of £-heptane in a quartz cell
fitted with a capillary bubbler and stopcock was flushed with nitrogen
for 45 rnLn ,
o
The cell was .cool.ed to -70 , evacuated to 001 mm, allowed
to warm to room temperature, and then irradiated for 26 hrs with 3100-
o
3180 A lighto The beam intensity was monitored and found to increase
by about 10% in the course of the 26 hr irradiation. The average
beam intensity was used in the quantum yield calculations� and was
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found to be 4.0 ± 0.6 x 1014 quanta/sec ml by potassium ferrioxalate
t i 63ac �onometry in a separate experiment. A single photoproduct was
observed and identified as a-campholenic aldehyde by vpc retention
time and mass spectrum. The amount of aldehyde produced was measured
by ca l tbra tad vpc and found to be 0.50% in experiment No. 1 and
0.38% in No.2, corresponding to quantum yields of 0.14 ± 0.04 and
0.11 + 0.03 mole / einstein.
Photolysis of (+)-Camphor in 95% Ethanol-O-d
A solution of 2�5 g of (+)-camphor in 225 mt of 95% ethanol-O­
d was irradiated and the products were isolated as described above
with suitable precautions to avoid contamination with water. Pre­
parative vpc yielded 42 mg of acetal-£ (20) , 17 mg of enol ether-d
(12), and 270 mg of camphor. The nmr spectrum of 20 was as above for
jQ, but had no signal at 4.64 ppm; integrals from computer-summed
spectra indicated (0.08 H atV'4.64 ppm. The nmr spectrum of 12
showed the fo llowing signa ls:o 4.78. (d, J=6 Hz, m) , 1. 6 - 2.2 (m , 5H) ,
L 13 (s, 3H), LOS (s, 3H), 0.97 (s, 3H). Integrals from computer­
summed spectra indicated (0.03H at V'S.92 ppm. The Qmr spectrum
of recovered camphor indicated no incorporation of deuterium.
Photolysis of (±)-Camphor-3,3-d2 in n-Heptane
A solution of 3.10 g of (±)-camPhor-3,3-4237 in 220 ml of
Q-heptane was photolyzed and the products isolated exactly as described
abov�. Calculations from the parent peak region of mass spectra
indicated the following deuterium contents: camphor used and camphor
recovered, 91% £2' 7% £1' and 2%�; enol ether isolated, 16% £2'
7S% £1' and 9% £0. The nmr spectrum of recovered camphor was
identical to that of starting material. Enol ether nmr spectrum:
o S.92 (s, 0.73H), S.0-4.6 (O.OSH), 1.S-2.3 (m, 5.0H), 1.13, 1.OS,
0.97 (3 singlets, 8.9H). a-Campholenic a1dehyde-£2 (12) nmr spectrum:
o 9.74 (sharp s, lH), S.22 (broad, lH), 2.7-1.7 (m, 3H), 1.60 (m, J
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small, 3H), 0.97 (s, 3H), 0.75 (s, 3H). Oxetane-£2 (28) nmr (ppm
downfield from external tetramethylsilane in CC14): 4.12 (broad, 2H),
2.12 (m, IH), 1.88 (broad, 2H), 1.36 (s, 3H), 0.76 (s, 6H). Cyclobutanol
34-£2 = 1I nmr (100 Mc, couplings indicated were deter�ined by double
resonance experiments): 0 5.20 (HA, broad, JA,Me = 1.5 Hz, JA,B=
2 Hz, lH), 4.02 (HC' d, JB,C�7 Hz, IH), 3.40 (HB, broad m, JB,Me=
2 Hz, IH), 1.95 (HD, broad d, JB,D=5 Hz, lH), 1089 (s, lH, exchanges
with D20), 1.65 (Me, t, JA,Me=2 Hz, JB,Me=105 Hz, 3H), 0.93 (s, 3H),
0.89 (s, 3H)0 Cyclobutanol 35-£2 nmr: 05.21 (broad, lH), 3.84 (s,
lH), 2058-3.07 (m, 2H), 2032 (s, IH, shifted upfield on dilution,
exchanges with D20), 1.61 (t, J=1.5 Hz, 3H), 0.96 (s, 3H), 0.92
(s, 3H).
2z2z3-Trimethyl-3-hydroxycyclopentane-l-acetic Acid Lactone (9)
A. By Oxidation of Acetal lQ. A solution of 30 mg of acetal
10 in 6 ml of acetone was oxidized at room temperature by adding
22
dropwise 0.30 ml of chromic acid solution (2.67 g Cr03, 2.3 ml
conc. H2S04, diluted to 50 ml with water). The solution was
then diluted with water and extracted with ether. The ether extracts
were back extracted with water, dried over Na2S04, and evaporated to
dryness to yield 30 mg of oily semisolid material. This was taken
up in ether and purified by vpc (2150, 170 ml/min�o The vpc reten­
tion time and ir spectrum of the white, crystalline product were
identical to those of authentic lactone �23o
Be By Oxidation of Enol Eth�r�. A solution of 25 mg of
enol ether 8 in 6 ml of acetone was oxidized and worked up as
described above for the acetal 10. The vpc retention time and ir
spectrum of the white� crystalline product were identical to those
of authentic lactone �23.
c. Authentic Sample. The lactone was prepared as described
23
by Sauers ,except that final purification of the lactone was
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ff 0 0 23ae ected by vpc (215, 175 m1/min); mp 163-164 (reported 172-
1740), [a)b5 (CRC13)= -470 (reported 23a -370); ir: 1742 (s), 1470,
1445, 1420, 1390, 1375, 1335, 1315 (doublet), 1260 (doublet), 1240,
1215, 1142 (s), 1095, 1045, 1015, 955 cm-1 (reported23a 1745 cm-1
(CHC13)); nmr: 0 2.58 (q, J=2 Hz, 1H), 2.37 (d, J=l Hz, lH), 2.25-
1.67 (m , 5H), 1.25 (s, 3H), 1.05 (s, 3H), 0.99 (s, 3H). In our
23a
hands Sauers' procedure gave a crude product shown by vpc to con-
ta in ,2, a-campho 1 ide, a nd camphor. Two recrys ta 11 iza t ions from
petroleum ether gave material, mp 175-1770, shown by vpc to be a
7:3:1 mixture of these components. These results are in general
23b
agreement with Sauers' latter report •
3,4,4-Trimethy1bicyclo (3.2.�hept-2-en-7-one (33)
A. By Oxidation of cyc10butano1 34. A solution of 19 mg of
cyc10butanol 34 in 7 m1 of acetone was oxidLzed as described for acetal
lQ. The product was purified by vpc. Infrared: 3045, 1781 (s),
-1
1105 (m) cm nmr 05.15 (s, lH), 4.0 (m, 1H), 2.9 (m, 2H), 2.6
(m , lH), 1.68 (t, J=1.5 Hz, 3H), 1.12 (s, 3H), 1.07 (s, 3H);uV:A)."tnax
287nm (sh) (E 96), 298 (150), 307 (160), 316 (110) (isooctane);
mass spectrum: mle 150.1038 (M+, 2.9%, calcd for C10H140: 150.1045),
108 (M-42, 100%), 93 (M-57, 59%).
B. By Oxidation of cyclobutano1 35. A solution of 16 mg
of cyclobutano1 35 in 6 m1 of acetone was oxidized as above. The
product was shown by identity of vpc retention time and ir spectrum
to be cyclobutanone 33.
Reduction of Cyclobutanone 33 with Sodium Borohydride
A solution of NaaH4 (14 mg) in 4.0 ml of dry isopropyl
alcohol was added to a solution of the cyc10butanone (17 mg) in
1 ml of isopropyl alcohol and the resulting solution stirred at
room temperature under nitrogen. After 12 hrs 1 ml of water was
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added and the solution refluxed for 1 hr, the cooled and extracted
with ethero The ether extracts were washed with water and brine,
dried over Na2S04, and analyzed by caliorated VpCo This showed the
product, formed in>99% yield, to be a mixture of 98% cyclobutanol 34
and 2% cyclobutanol 35. Compound 34 was identified by vpc retention
time and ir spectrum, and 35 by vpc retention time only.
Reduction of Cyclobutanone 33 with Sodium in Ethanol
Sodium (168 mg) was added over an hour to a solution of
cyclobutanone 33 (26 mg) in 1 ml of 95% ethanol under nitrogen at
room temperatureo The reaction mixture was diluted with water,
acidified with conco HCl, and extracted with ethero The ether ex­
tracts were washed with water and brine, dried over Na2S04, and
analyzed by calibrated VPCo The product, formed quantitatively,
was a mixture of 84% cyclobutanol 34 and 16% cyclobutanol 350 The
cyclobutanols were identified by vpc retention times and ir spectra.
PhotolYSiS of a-Campholenic Aldehyde in 95% Ethanol
A solution of (�)-a-campholenic aldehyde (360 mg) in 450 ml
95% ethanol was irradiated under nitrogen for 10 hrs, worked up as
described for the photolysis of camphor in 95% ethanol, and the
product mixture was analyzed by vpco Peaks with the retention
times of cyclobutanols 34 and 35 were observed, but no enol ether
� or acetal 10 could be detected. It is estimated that 15-20% of
+
the amount of � or lQ produced when 416 mg of (-)-camphor was
irradiated under nitrogen for 10 hrs could have been detectedo
Photolysis of a-Campholenic Aldehyde in n-Heptane
A solution of a-campholenic aldehyde (1007 g, prepared
from a-pinene oxide) in 220 ml of �-heptane was flushed with dry
nitrogen for 45 min and irradiated under nitrogen for 9 hrso An
aliquot of the resulting solution was examined by vpc and found
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to contain components n (retention time 4.8 min), 0 (5.6 min), b
(8.2 min), the oxetane 26 (9.8 min), a-campholenic aldehyde (�)
(11.9 min), e (14.4 min), cyclobutanol 34 (19.4 min), and cyclo­
butanol 35 (23.5 min). The ratios of peak areas n:o:b:26:�:e:34:35
were 10:12:11:7:29:6:22:3. The solution �as concentrated by distillation
through a Vigreux column under nitrogen at aspirator pressure, and the
concentrated solution was subjected to preparative vpc. Compounds
�, 34, and 12 were identified by vpc retention times and ir spectra.
The
oxetane 26 is a volatile, white, crystalline solid at room temper­
ature; ir: 2950, 2855, 1448, 1380, 1360, 1270, 1143, 1073, 988,
-1
955 (s), 898, 838, 820 cm nmr (ppm downfield from external
tetramethylsilane in CC14): 4.10 (broad, 2H), 2.14 (m, lH), 1.90
(broad, 4H), 1.38 (s, 3H), 0.78 (s, 6H); mass spectrum: mle 152.1186
(M+, 3%, calcd for ClOH160: 152.1201), 109 (M-43, 31%), 108 (M-44,
100%).
Lithium Aluminum Hydride Reduction of Oxetane 26
Pure oxetane 26 (17 mg) was dissolved in 2 ml of di-g-butyl
ether, LiA1H4 (80 mg) was added, and the mixture was refluxed under
nitrogen for 96 hrs. The reaction was quenched with water, acidified
with dilute HCl, and extracted with ether. The ether extracts were
washed with water and brine, dried over Na2S04, and concentrated.
Vpc analysis showed at least 95% of the oxetane had been converted
to a mixture of products. The major p�oduct (about 65% of the
mixture) was purified by vpc and identified as borneol by comparison
of its vpc retention time, and ir and mass spectra, with those of an
authentic sample (Aldrich technical borneol purified by vpc). In a
separate experiment it was found that refluxing a solution of borneol
in di-Q-butyl ether with LiAlH4 for 48 hrs gave a product mixture
quite similar to that derived from the oxetane.
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3-Dimethylamino.-l,2, 2-trimethylcyclo.pentane-l-carbo.xylic Acid Hydro.chlo.ride
3-Amino.-l,2,2-trimethylcyclo.pentane-l-carbo.xylic acid
hydro.chloride was derived fro.m (+)-campho.ric anhydride by the
metho.ds o.f Faigle and Karrer64• A so.lutio.n o.f this hydro.chlo.ride
(5.0 g) in 20 ml o.f 37% fo.rmaldehyde and 10 ml o.f 88% fo.rmic acid
0.
was heated fo.r 12 hrs at 95 and then evapo.rated to. dryness under
reduced pressure. The residue was disso.lved in dilute HCl and the
so.lutio.n evapo.rated to. dryness. The last step was repeated twice to.
give 5.63 g o.f white So.lid (abo.ut 93%). This was recrystallized
0. .
twice fro.m methano.l� mp 322-323 (dec); ir (KBr): 3000-2500 (bro.ad),
-1
2655 (s), 1722 (s), 1405, 1235, 1205, 1145, 1110 em •
Anal. Calcd fo.r CllH22N02Cl: C, 56.04; H, 9.41; N, 5.94.
Fo.und: C, 55.81; H, 9.46; N, 5.81.
1,2,2-Trimethylcyclo.pent-3-ene-l-carbo.xylic Acid (7)
A so.lutio.n o.f 472 mg o.f the abo.ve amine hydro.chlo.ride and 336
mg o.f NaHC03 in water was evapo.rated to. dryness and the residue
treated with 3 ml o.f 30% H202 and then heated 11 hrs at 44-450..
Ano.ther 3 ml o.f H202' was added pnd heating co.ntinued fo.r ano.ther .
14 hrs. Evapo.ratio.n to. dryness gave a residue which was pyro.lyzed
at l45-150o./15mm fo.r 30 min. The residue was disso.1ved in water,
extracted twice with ether� acidified with co.nc. HC1, and extracted
twice with ether. The latter ether extracts were dried o.ver Na2S04
and evapo.rated to. dryness to. yield 125 mg (41%) o.f ye1lo.wish, crystal­
line material which was purified by vpc, mp 157-159.50. (repo.rted65
0. -1
152-154 ); Infrared (KBr): 3400-2500, 1700 (s), 1620, 1280, 715 ern ;
nmr 812. 3 (s� 1H), 5.52 (rn , lH), 5.30 (m, lH), 3.18 (d, J=16 Hz, 1H),
L 27 (s, 3H), L 15 (s, 3H), 1. 02 (s, 3H).
Anal. Ca1cd fo.r C9H1402: C, 69.70; H, 9.10. Fo.und: C,
70.05; H, 8.95.
42
1,2,2-Trimethylcyclopent-3-enyl Methyl Ketone (5)
A solution of 7 (114 mg) in 5 ml of dry ether under nitrogen
was treated with 2.0 ml of 1.88 M methyllithium in ether16• After
3.5 hrs at room temperature the reaction was quenched with water.
The phases were separated and the ether layer extracted twice with
water and then dried over Na2S04" Analysis of the ether solution by
vpc indicated no unreacted acid and a single major product. Removal
of solvent gave 70 mg of oily, crystalline material which was pur­
ified by vpc. The pure ketone forms volatile, soft, white crystals
that look and smell like camphor, mp 77-780; ir (CC14): 3050, 1701
-1
(s), 1616, l455� 1350 (multiplet), 712 em ; (CHC13): 3010, 1698,.
(s), 1620, 1455, 1350 (multiplet) cm-l; uv (95% ethanol):A
max
285.5 nm (£ 22); nmr: 05.55 (m, lH), 5.27 (m, lH), 3.11 (broad d,
J=17 Hz, lH), 20.09 (s, 3H), 1,91 (broad d , J=17 Hz, lH), L 16 and
1014 (overlapping singlets, 6H), 0.86 (s, 3H); mass spectrum: mle
152 (M+ , 28%), 137 (12%), 109 (100%), 95 (14%), 81 (15%), 67 (34%),
56 (14%)� 43 (62%).
AnaL Calcd for C10H160: C, 78.90; H, 10.590 Found: C,
78.78; H, 10 .. 450
o
A semicarbazone was prepared, mp 191-193 (dec), from
methanoL
Analo Caled for CllH17N30: C, 63012; H, 9015; N, 20.080
Found: c, 63036; H, 9012; N� 20.22.
Using the synthetic ketone as standard it was shown that this
compound could have been detected among camphor photolysis products
at the level of 002% of the total product in g-heptane or 006% in




prepared by Fischer esterification of 3-amino-l,2,2-trimethylcyclo­
pentane-I-carboxylic acid hydrochloride as described by Fa�le and
64
Karrer . The aminoester and methyl iodide (2 equiv) were heated
t fl ° h 166 d h °da re ux �n met ano for 30 min and then cooled. So ium met ox� e
(1 equiv) was added and refluxing was resumed for 30 min before the
solution was cooled againo Addition of methyl iodide (2 equiv)
again, refluxing 30 min, addition of sodium methoxide (1 equiv),
refluxing for 1 hr, and evaporation of the solvent gave a residue
which was extracted several times with boiling CHC13• Evaporation
of the extracts gave a 95% yield of crude methiodide which was
o
rec�ystallized from acetone, mp 260-261 (dec); ir (KBr): 1720
(s), 1280, 1245 cm-l; nmr (D20, ppm downfield from external tet­
ramethylsilane): 3.92 (m, lH), 3.72 (s, 3H), 3.20 (s, 9H), 2048�
1053 (m, 4H), 1.47 (s, 3H), 1.24, 1.12 (two s, 6H).
Anal. Calcd for C13H26N02I: C, 43,95; H, 7.38; N, 3.95.
Found: C, 44.02; H, 7030; N, 4.090
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IL SYNTHESIS AND SOLUTION PHOTOCHEMISTRY OF 22 2-DlMETHYLCYCLOBUTANONE
51
INTRODUCTION
1In 1964 Yates and Ki1murry reported the first case of photo-
chemical formation of an oxycarbene (1) from a saturated cyclic
ketone. Irradiation of cyc1ocamphanone (�) in ethanol gave 1 as the




from the structure of 3 and was supported by the results of a later
2
-
experiment in which � was irradiated in cyc1ohexene. This reaction
yielded a 1:1 adduct of 1 and cyclohexene which was shown to have
3
the expected cyclopropane structure �.
During the following three years it was found that a number
of cyclobutanones undergo a reaction analogous to the transformation
of 2 into 34-7• Irradiation of 2,2-dimethylcyclobutanone (2) in
methanol, for instance, gave a 41% yield of the a-alkoxytetrahydro-
* 4
furan 6. An extensive study by Turro and Southam showed that
tf
5 6
* Under these conditions 2 also underwent fragmentation to iso­
butylene4and ketene in 32% yield, and to l,l-dimethylcyclopropane ·in
7% yield •
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cyclobutanones generally yield products of this type on irradiation
in methanol, and that this reaction is favored by increasing alkyl
substitution on the a-carbon atoms. For example cyclobutanone itself
gives only an B% yield of an a-alkoxytetrahydrofuran while 2,2,4,4-
tetramethylcyclobutanone (1) gives a 6B% yield of this type of product.
7
Turro and Southam found4 that irradiation of 2,2-dimethyl-
cyclobutanone
viewed as the
(2) in methanol-O-i gave the acetal �, which can be
product of insertionB of carbene 9 into the O-D bond of
4
They also found that irradiation of the cyclobutanone 7methanol-O-d.
in benzene in the presence of oxygen produced the lactone lQ.--the product
9
9
expected if the carbene analogous to � were formed from I and




the acetals produced on irradiation of cyclobutanones in alcohols
are formed by way of carbenes analogous to 1.
In part I of this thesis we showed that camphor (11) also
undergoes a reaction analogous to the conversion of cyclocamphanone
into the acetal 3. Irradiation of 11 in ethanol produced a small
amount of the oxycarbene ll, which was trapped by ethanol as the
acetal 11. We also found that irradiation of camphor in heptane
yielded the enol ether 14 instead of 11, and our deuterium
o
II 12 13 14
labelling experiments indicated that � was formed from 1l by two
distinct mechanisms as shown in figure 1. About 29% of the enol
10
ether was apparently formed from 1l by the expected 1,2-hydrogen
shift, but the rest was formed by a mechanism involving hydrogen




Neither formation of an enol ether from an oxycarbene nor
duality of mechanism in olefin formation by a carbene had been observed
before our work with camphor, and we were interested in studying
these reactions in more detail. The small amounts of enol ether
formed on irradiation of camphor in heptane made studies of its for­
mation quite laborious, however, and so we hoped to carry out our
experiments in a more convenient system.
The requirements for such a system are that irradiation of
a saturated, cyclic ketone in a hydrocarbon solvent give an oxy­
carbene as the major product, and that the oxycarbene have at
least one a-hydrogen so that an enol ether can be formed.
2,2-Dimethylcyclobutanone (2) appeared to satisfy these
requirements. The photochemistry of 2 in hydrocarbon solvents had
not been reported, but since irradiation of camphor in ethanol or
in heptane gave comparable amounts of oxycarbene Q, and irradi­
ation of 5 in methanol produced mainly oxycarbene�, it seemed
reasonable to expect that irradiation of 2 in a hydrocarbon solvent
would also produce mainly 9. If 9 were formed in a hydrocarbon
solvent, and if it reacted in the same way as Q, the enol ether
15 ld b f d A
.




wou e orme. SLmp e synt SLS 0 t LS compoun LS nown ,
and so it would be straightforward to determine whether or not it were
formed on irradiation of 5.
15
The only apparent shortcoming of our plan to study the
photochemistry of 1 was that this compound was not commercially
available and the only reported syntheses of itl2,l3 were incon­
venient. One of these involvesl2 addition of dimethylketene to
ethylene and requires special equipment to carry out the reaction




a atmosp eres pressure, whl.le the ot er l.nvo ves a l.tl.on
of diazomethane to dimethylketene and gives a difficult}y
separable mixture of the' major product, 3,3-dimethylcyclobutanone,
and the desired minor product 1.
The following section will describe our development of
a new and convenient synthesis of 2,2-dimethylcyclobutanone (1),
o






The cyc10addition of isobutyra1dehyde dimethy1enamine to




6y acry a e �s nown to produce the aminoester.L.!!_. We
reasoned that if the amino function of 16a could be oxidized to
produce the �-ketoester 17a, this ester could then be hydrolyzed to
the corresponding �-ketoacid and then decarboxy1ated to the desired
product, 2,2-dimethy1cyc10butanone (2). Alternatively, the
16
a,R=CH3
b, R = C(CH3)3
cyc10addition of isobutyra1dehyde dimethy1enamine to �-buty1
acrylate should give the aminoester 16b. Oxidation of the amino
group to give 17b followed by thermal elimination of isobuty1ene
and decarboxy1ation16, would also give 2. In fact the latter route
is highly successful. It requires four steps to convert commercially
available materials into 2, but the steps can be carried out with
little purification of intermediates, and the overall yield is
quite good (49%). This synthesis requires no special equipment,
and a simple distillation of the crude product gives pure 2.
Heating �-buty1 acrylate and isobutyra1dehyde dimethy1enamine
together in acetonitrile, gave a 63% yield of 16b without difficulty.
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The ir spectrum and microanalytical data for this compound were
consistent with the assigned structure. The nmr spectrum showed
sharp singlets for the N,N-dimethyl group, the !-butoxyl group,
and each of the methyl groups on the four-membered ring, indicat­
ing that only one stereoisomer of l6b had been formed. If this
cycloaddition proceeds in two steps as other additions of enamines
17
toa ,�-unsaturated carbonyl compounds are thought to do ,the
zwitterion � would be formed initially and then would cyclize
to l6b. If the bulky carbo-!-butoxy and N,N-dimethylamino groups of
18
18 remained as far as possible from one another as the four-membered
ring closed (as shown in �), the trans isomer of l6b would be
produced. In fact the repulsion of the two bulky groups is
apparently great enough to cause the exclusive formation of trans
l6b.
With 16b in hand we turned to the problem of converting this
tertiary amine to the ketoester l7b. Zimmerman and coworkers have
synthesized several ketones by oxidizing the corresponding tertiary





b 1amines with so ium tungstate an y rogen perox� e , ut ong
reaction times were required and the yields were only about 50%.
An alternative to this method was suggested by the results· of a
general study by Deno and Fruit19 showing that some simple
tertiary amines, dissolved in an acetate buffer, can be oxidized
to carbonyl compounds in good yield with bromine. This method,
58
which had not been used synthetically before*, served our purposes
beautifully. Addition of bromine to a solution of l6b in an acetate
buffer (pH 6) gave an 88% yield of the bromoketoester 19b. The




b, R = C(CH3)3
by its eiemental analysis, ir absorption at 1798 cm-l (a-bromo-
22 -1 23
cyclobutanone ) and 1725 cm (!-butyl ester ), and its very
simple nmr spectrum showing only a singlet for the !-butoxyl group,
two singlets for the methyl groups on the four-membered rfng, and
an AB quartet (J=13.5 Hz) for the protons of the methylene group.
The conversion of 19b into the desired ketoester l7b was
effected quantitatively by treatment with zinc dust in acetic acid.
The structure of l7b was also clear from its elemental analysis, ir-
-1 22 -1
absorption at 1780 cm (cyclobutanone ) and 1724 cm (!-butyl
23
ester ), and its very simple nmr spectrum showing a doublet of
doublets at 04.10 for the proton a to both of the carbonyl groups,
a multiplet at 2.40-1.75 for the methylene group, a singlet for the
!-butoxyl group, and a fortuitous singlet for the methyl groups
on the four-membered ring.
When l7b was heated to 1380 with a catalytic amount of E�ol-
If'
. d16 . 1 d d i '11 d f h .uenesu on1C aC1 ,a s1ng e pro uct 1St1 e out 0 t e react10n
*Other methods which have been reported for converting
tertiary amines to the corresponding2sarbonyl compounds are 21
oxidations with neutral permanganate and with nitrous acid •
These methods have not yet found synthetic applications •.
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mixture in 91% yield. This product was shown to be 2,2-dimethy1-
cyc1obutanone (2) by the identity of its ir and nmr spectra and
.
12 13the mp of its 2,.4 d Ln LtrophenyIhyd.raaone with those reported
'
for 5.
We also attempted to convert the aminoester l6a to 2,2-di­
methylcyclobutanone by the route suggested earlier. The bromine
°d
° 19
6 b ldox� at�on of � gave the bromoketoester 19a in accepta Ie yie •
The structure of this product was apparent from its microanalysis
and ir and nmr spectra. Since the spectra are very similar to those
of 19b, they will not be discussed here. In contrast to the
oxidation of' 16b to 19b, however, the oxidation of l6a to 19a
produced variable amounts (usually 5-15%) of a side product. The
side product was purified and its structure was proved to be 20
14






(as shown in figure 2) under the reaction conditions. The formation
of 20 in this reaction, below room temperature and in only slightly
acidic solution, illustrates the readiness of this four-membered
ring system to open.
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Treatment of crude 19a from the bromine oxidation of 16a
with zinc dust in acetic acid produced 17a in about 46% yie1do The
ir and mrir spectra of this product, which are very similar to those
already discussed for 17b, fully support the assignment of structure
17ao In addition, the 2,4-dinitropheny1hydrazone gave the correct
. 24microanalysis, and its melting point agreed with that reported
for this derivative prepared directly from the dimethy1enamine of
17 a.
Unlike the reduction of the corresponding �-buty1 bromoketoester
this reduction of crude 19a gave about 10% of a side product, which
was purified by VpCo The elemental analysis of the side product
indicated the empirical f��mu1a C8H1203, and the ir spectrum showed
c=o stretching at 1710 cm and the strong C=C stretching character­
istic of "an enol ether25 at 1625 cm-1 The uv spectrum showed a
maximum at 253.5 nm (€ 10 1x103) , which26, combined with the position
of the C=O stretching frequency in the ir spectrum suggested that
the compound "is an a,�-unsaturated ester. The nmr spectrum revealed
still more of the structure. There was only one vinyl proton signal,
which appeared as a triplet (J=1.5 Hz) at quite low field (6098 ppm).
Two protons which appeared as a doublet (J=1.5 Hz) at 2.53 were clearly
coupled to the vinyl proton since the only other signals in the spec­
trum were two singlets :--one for methoxy1 at 3.56 and one for a pair
of methyl groups at 1. 320 The chemica 1 shift of the protons at 2 .. 53
is consistent with their being a11y1ic protons27, and the 1.5 Hz
coupling c on s ta ntiu t s of the usual magnitude for a11y1ic coupling270
Thus the data suggest .our side product to be an enol ether and an
a,�-unsaturated estero A methylene group is a11y1ic to the sole
vinyl proton, and the molecule contains two methyl groups on carbon
which are probably equivalent.
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The only structures that meet these requirements are 21
and 22. However any structure proposed for the side product must
account for the appearance of the vinyl proton in its nmr spectrum
at 6.98 pp�. In 11 the vinyl proton could be at such low field
.
28because it is the �-v�ny1 proton of an a,�-unsaturated ester and
21
th rv f· 1 h
29
e �-proton 0 a v�ny et er • On the other hand it is unlikely
that the vinyl proton of � would occur at such low field. The




h i 1 h
.
1v�ny protons ,w � e t e a-v�ny
28
usually appears at about 5.8 ppm
appear at higher field than simple
proton of an a,�-unsaturated ester
This analysis of the data favored structure 21 for the side
product, and in fact the vpc retehtion time and ir, uv and nmr
spectra of the side product were found to be identical with those
of an authentic samp1e* of �.
Neither pure bromoketoester 19a nor pure lactone 20 produced
any II on treatment with zinc dust in acetic acid, so some other
product of the bromine oxidation of 16a must be converted into 21.
*We thank Professor Friedhe1m Korte and Dr. Heinrich Wamhoff,
University of Bonn, for3eenerous samples of both 11 and the corres­
ponding carboxylic acid •
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We have not isolated this precursor of 11, but suggest that if 23
were formed in the bromine oxidation it is plausible that it would
be converted into l! by zinc and acetic acid as shown in figure 3.





Ring contraction of 23 to give 24 could occur easily in view of the
readiness of the parent bromoketone 12 to undergo the analogous
13




to give 11 is mechanistically reasonable, and has precedent in the
31
acid catalyzed rearrangement of 26 to 27. The aldehyde 24 itself
is probably not the precursor of 11 which forms in the bromine oxidation,
since the nmr spectrum of a fraction of the bromine oxidation product





Our plans to convert the methyl ketoester 17a into 2,2-dimethy1-
cyc10butanone required that mild hydrolysis of 17a give the correspond­
ing carboxylic acid, but in fact the cyc10butane ring opened faster
that the ester could be hydrolyzed. When 17a was treated with one
equivalent of sodium bicarbonate in aqueous methanol at room temp­
erature, only the dimethyl and monomethy1 esters of 2,2-dimethy1-
glutaric acid were produced. Similarly, treatment of 17a with
6 � hydrochloric acid, under conditions which according to an
early report32 caused simple ester hydrolysis and decarboxylation of






cons1stent W1t a report 1n t e more recent 1terature •
Thus our experiments with the methyl esters 16a, 19a, and
17a did not provide a convenient route to 2;2-dimethy1cyc10butanone,
but did provide useful information about the reactivity of these
compounds. The greater success of our experiments with the corres­
ponding !-buty1 esters is probably due to two factors. First, of
course, the troublesome ester hydrolysis step could be omitted
altogether in the !-buty1 series. Second, the bromine oxidation of
the !-buty1 ester 16b did not give side products such as those
observed in the methyl series. This result can be understood by
considering that formation of either the lactone side product 20
or the presumed alcohol side product 23 requires attack by water on
the cyc10butane ring. The !-buty1 group would sterica11y hinder
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this attack more than the methyl group, and would also make the
�-butyl compounds less accessible to water by decreasing their water
so Iub iLt ry,
Photolysis of 2,2-Dimethylcyclobutanone
The enol ether II was prepared without difficulty by an
established procedurell, and vpc conditions were chosen which cleanly
separated 2,2-dimethylcyclobutanone (2), enol ether ll, and each of
the solvents in which photolyses were carried ou t ,
When a solution of 5 in pentane was irradiated until 74%
of the starting material had been destroyed, none of the enol ether
12 was producedo The only products detected by vpc were mucg more
volatile than 12., being eluted very near p en ta ne , It is likely
that these volatili products are isobutylene, ketene, and l,l-di­
methylcyclopropane, since Turro and Southam observed4 the formation
of these compounds when 2 was irradiated in methanolo
A very similar resuit was obtained when a solution of 2 in
methylene chloride was irradiated until 53% of the starting material
had been destroyedo In this case the only products detected by
vpc were three which were eluted very rapidly, and a small amount




Although irradiation of 2,2-dimethylcyclobutanone (2_) in
methanol yields4 mainly the acetal derived from oxycarbene �,
irradiation of 2 in p enta ne or in methylene chloride yields little
or none of the enol ether 12. There are two possible explanations
for this result. If appreciable yields of 9 are simply not produced
when 5 is irradiated in pentane or methylene chloride, then the
change in solvent from pentane to methanol must increase the
quantum efficiency of oxycarbene formation relative to that of the
fragmentation reactions of 2. If on the other hand appreciable yields
of � are produced on irradiation of 2 in pentane or methylene chloride
then 9 does not react to form enol ether 15.
A scheme illustrating the second possibility is shown in
figure 4. If the diradical 28 and the oxycarbene � were rapidly










faster than reaction of the carbene with pentane, only the very
volatile fragmentation products would be observed on irradiating
2 in pentane. On the other hand if fragmentation of the diradical
were not so fast as reaction of the carbene with methanol, irradia­
tion of 2 in methanol would produce mainly the acetal derived from
oxycarbene 2. We have not yet done an experiment to test this
scheme, but one such experiment which could be done involves irrad­
iating 2 in pentane in the presence of some trapping agent which
would react with 2 very rapidly but would not greatly change the
polarity of the solvent. Oxygen is an attractive candidate for
this trapping agent, since it is known to react rapidly with a
number of carbenes9 to give the corresponding carbonyl compounds.
9
Reaction of oxycarbene 2 with oxygen would be expected to give
the lactone 29, which could be prepared independently by Jones
29
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oxidation of enol ether 15. If the quantum yield for formation
of � from 2 in pentane saturated with oxygen were higher than the
quantum yield for formation of 12 from 2 in pentane saturated with
nitrogen, the scheme outlined in figure 4 would be supported.
Unfortunately failure of the experiment to give this result
would not be very informative. Oxygen might simply quench
some excited species on its way to 9. There is also
9
evidence that only triplet carbenes react with oxygen, so
2 might even be formed and fail to react with oxygen. Since Turro
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and Southam did observe4 formation of lactone 1Q on irradiation of
cyc10butanone 7 in the presence of oxygen, however, there is some
reason to expect a positive result in this experiment.
Whether or not this experiment indicates that the oxycarbene
2 is actually formed on irradiation of 2,2-dimethy1cyc10butanone (2)
in pentane, the photochemistry of 2 contrasts sharply with that of
.camphor. If 2 is produced in pentane then it fails to form enol
ether 12, while the oxycarbene II derived from camphor forms enol
ether 14 in heptane. On the other hand if 2 is not produced in
pentane then its formation from 2 is much more sensitive to a change
of solvent than is the formation of II from camphor.
Thus instead of providing us with an opportunity to study
hydrogen abstraction and hydrogen shift reactions similar to those
of the oxycarbene derived from camphor, our experiments with 2,2-
dimethyJtyc10butanone have cha11en�ed us to explain an unexpected





amine, K and�K Laboratories), methyl acrylate ( practical, Matheson,
Coleman, and Bell) and �-buty1 acrylate (Borden Chemical Coo,
Monomer-Polymer Laboratories) were used without further purification.
Pentane and methylene chloride used for the photolyses were Matheson,
Coleman, and Bell Spectroqua1ity solventso Vpc was carried out using
a Varian Aerograph Model 700 Autoprep with a 20 fte x 0025 in stainless
steel column packed with 30% FFAP on Chromosorb W, and unless other­
wise noted operated at 1800 with a helium carrier gas flow rate of
100 m1/mino Irradiations were carried out using a Hanovia model L
450 watt high pressure mercury lamp with a Pyrex fi1tero Unless
otherwise noted both ir and nmr spectra were obtained for CC14
solutions, the former on a Perkin-Elmer 237B spectrophotometer and
the latter on a Varian A-60 spectrometer.
carried out under nit�ogeno
Distillations were
t-Buty1 2-(Dimethy1amino)-3,3-dimethy1cyc10butanecarboxy1ate (16b)
�-Buty1 acrylate (16025 g), isobutyra1dehyde dimethylenamine
(34010 g), and 40 ml acetonitrile were heated at reflux under nitrogen
for 54 hrso Acetonitrile and excess enamine were rem9ved by distill­
ation at atmospheric pressure and the remainder was distilled at
reduced pressure to give 18006 g (63%) of product, bp 45-47%008mm;
-1
ir 2855,2805,2760,1725 (s), 1365,1145 em ; nmre 2072-2018
(rn, 3H), 2002 (s, 6H), L70 (m , lH), 1041 (s, 9H), L12, 1006
(two s, 6H)0
Ana10 Ca1cd for C13H2502N: C, 6�068; �, 11008; N, 60160 Found





6 f 2 0m�no ester 1 a (2107 g) was dissolved in 00 ml 0 0
M acetate buffer (pH 6)0 Bromine (43 g) was added dropwise with
mechanica 1 stirring and cooling below room t.emperat.ure , Excess
bromine was destroyed with solid NaHS03 about 15 min after bromine
addition was complete� and the reaction mixture was extracted with
e t.h e r , The ether extracts were washed with 005 M HCl� 006 M NaHC03,
water, and brine, and dried over Na2S04o Evaporation of ether gave
l703g (63%) crude product, which was distilled; bp 46-48%01mm;
o -1
mp 31-33 ; ir 1801 (s), 1730 (8), 1430, 1250 (s), 1120� 1000 cm ;
nmr 03080 (s,3H), 3000 (d, J=13 Hz, lH), 2028 (d, J�13 Hz, IH),
10 44 (s s 3H), 10 26 (s, 3H) 0
Ana10 Calcd for CaH1l03Br: C, 40�87; H, 4072. Found C,
410 13; H, 40780
t-Buty1 I-Bromo-2-oxo-3,3-dimethylcyclobutanecarboxylate:o(l9b)
�-Butyl aminoester l6b (32.9 g) was pxidized as described
above for 16a to give 35�131g (88%) crude product, which from nmr
analysis contained very little impurity (no absorption below 3.1
ppm) 0 Distillation gave an analytical sample: bp 71-730/005 mm ; ir
1798 (s), 17 7 5 ( m), 17 25 (s), 1370 (s),· 1255 (s), 11 6 0 (s); nmr
02092 (d , J=1305 Hz, IH), 2022 (d, J=1305 Hz, ra) , 1048, 1042
(two s, l2H), 1025 (s, 3H)0
AnaL Ca Lc d for CUH1703Br: C, 47.66; H, 6018" Found: C,
47 0 76; H � 6 \> 240
Methyl 3g3-Dimethyl-2-oxocyclobutanecarboxylate (17a)
A solution of slightly impure bromoketoester 19a (671 mg, bp
72-870/200mm) in 25 ml glacial acetic acid was chilled in an ice bath.
Zinc dust (100 g) was added with vigorous stirring and the mixture
was allowed to come to room temperature as the stirring continued
for 30 mino The mixture was filtered and the excess zinc washed
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with ether and water. The resulting solution was extracted with ether,
and the ether extracts washed with water, 006�LNaHJ103" water, brine
and were dried over Na2S04o Evaporation of ether gave 340 mg (76%)
of crude ketoester contaminated with about 5% of dihydrofuran n;
ir 1795 (s), 1735 (s), 1315, 1205, 1170 cm-1; nmr (ppm downfie1d from
external tetramethy1silane in CC14): 4012 (dd, J1=10 Hz� J2=605 Hz�
1H), 3.68 (s, 3H) 2030-1.75 (m, 2H), 1.20 (s, 6H)0 When analytically
pure bromoketoester was reduced, no II was formed.
A 2,4-dinitrophenylhydrazone was prepared for analysis; mp
o 24 0132-133 from methanol (lit mp 12805-130); nmr (CDC13; ppm downfield
from external tetramethy1silane in CHC13): 1104 (broad s, IH), 8.95
( d , J= 2 Hz, lH), 8. 20 (d d , J 1=9 Hz, J 2:: 2 Hz, m) , 7 0 80 (d, J=9 Hz,
IH), 4023 (dd, J1::lO Hz, J2=6 Hz, 1H), 3084 (s, 3H), 2024-1093
(m , 2H)) L 33 (s 3 6H) 0
AnaL Ca Lcd for C14H1606N4: C, 49099; H, 4.80; N, 16066 ..
Found: C, 49.80; H, 4097; N, 160910
Methyl 4,5-Dihydro-5,5-dimethyl-3-furoate (21)
Reduction of crude bromoketoester 19a with zinc dust always
gave 5-15% of dihydrofurann. Preparative vpc destroyed the ketoester
but gave pure n (Ye t , time 24 mino); ir 1710 (s), 1625 (s), 1175,
-1
1090 cm ; nmr (ppm downfie1d from external tetramethylsilane in
CC14): 6098 (t, J=L5 Hz, lHL 3.56 (s, 3H), 2.53 (d, J=L5 Hz,3
2H), 10 32 (s, 6H); uv (eH30H) A 253.5 nm (E: 10 1xlO ).max
Analo Caldd for C8H1203: C, 61.52; H, 70740 Found: C,
6l.. 61; H, 7. 560
The vpc retention time and ir, uv, and nmr spectra of this
30
material were identical with those of an authentic sample 0
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Hydrolysis of Methyl 3,3-Dimethyl-2-oxocyclobutanecarboxylate(17a)
Ao Basic Hydrolysis Ketoester 17a (4074 g) was stirred at
room temperature under nitrogen for 23 hr with 20 ml of methanol� 60
ml of water, and 2090 g (101 equiv) NaHC030 The reaction mixture was
diluted with water and extracted with ethero The ether extracts
were washed with water� dried over Na2S04, and evaporated to give
2004 g of colorless oil, ir and nmr spectra identical with those of
authentic dimethyl 2,2-dimethylglutarateo Acidification of the
reaction mixture followed by ether extraction gave 2070 g of color­
less oil; ir 3300-2700 (broad), 1740 (s), 1701 (s); nmr (ppm downfie1d
from external t e t rame thy Ls iIa ne in CCI4): 1004 (s, IH), 3057 (s, 3H),
2047-L67 (rn , 4H), L17 (s,. '6H)0 Esterification of this material with
diazomethane gave dimethyl 2,2-dimethylglutarateo
Bo Acidic Hydrolysis The ketoester 17a (820 mg) was heated
at reflux with 106 ml of 6 tl Hel for 105 hr and the reaction mixture
extracted with ethero The ether extracts were washed with water and
brine and dried over Na2S04o Evaporation of ether gave 746 mg of
crude brown oil; ir 3400-2400 (broad), 1735 (w), 1710 (s)o There
was no cyclobutanone carbonyl absorptiono
t-Butyl 323-Dimethyl-2-oxocyclobutanecBrboxylate (17b)
t-Buty1 bromoketoester 19b (5093 g) was reduced as described
above for 19a to give 4031 g (100%) of crude product which showed no
impurities in its nmr spectrumo Distillation gave analytically pure
material; bp 80020/208' mm; ir 1780 (s), 1724 (s), 1365 (m), 1150 (s);
nmr 0 4005 (dd, J1=10 Hz, J2=J Hz, IH), 2040�1075 (m, 2H), 1041
(s� 9H), 1022 (s, 6H)�




l-Buty1 ketoester 17b (9G86 g) and £,-toluenesulfonic acid
monohydrate (40 mg) were heated with an oil bath in a distillation
apparatus under nitrogeno Smooth gas evolution began at a bath
o
temperature of 138 , and product began to distil10 The reaction was
complete in 15 min, during which time bath temperature increased to
o
152 and 4031 g (91%) very slightly impure product distilledG
Redistillation through a short Vigreux column gave pure material;
bp 11305-1140/760 mmo The spectroscopic properties of this material
.
1 t . h 1· 1
13
were �n comp e e agreement w�t �terature va ues 0
A 2,4-dinitrophenylhydrazone was prepared; mp 14005-141050
from methanol (lit mp12 140-1410)0
223-Dihydro-2,2-dimethy1furan (15)
A mixture of Q (V" 60%) and 2�5-dihydro-2,2-dimethylfuran
(!,'-'" 40%) was prepared by the method of Golonge and Garnierll 0 Pre­
parative vpc (column 75-800, helium flow 133 mt/min) gave pure 15
(reto time 10 min): ir 3090 (w), 1620 (s), 1170 (m), 1120 (m), 1055
-1
(s), 975, 880, 700 (m) cm ; nmr (ppm downfie1d from external tet-
ramethy1si1ane in GG14): 6002 (q, lH), 4058 (q, 1H) , 2028 (m, 2H),
1.22 (s, 6H)o Pure ! (xe t , time 13 min) had ir 3070 (w), 1625
(w), 1170 (m), 1080 (s), 1035 (s), 930, 860!) 705 (m)
-1
cm ; nmr
(ppm downfield from external tetramethy1si1ane in GG14):5065 (s, 2H),
4050 (s� 2H), 1017 (s, 6H)o
Photolysis of 2,2-Dimethy1cyclobutanone (5) in Pentane
A solution of 2. (2008 g ; ) 99% pure by vpc) in 250 m1 pentane
was cooled with an ice bath while nitrogen was bubbled through the
solution for 45 mino The solution was irradiated for 8 hrso under
nitrogen with aliquots being taken at 0, 1, 3, 5, and 8 hrs for vpc
analysiso No peak with the retention time of 12 developed during this
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time. After 8 hrs 74% of the starting ketone had been destroyed and
no 11 was detectable by vpc. Conversion of 1% of 5 to 15 could have
been detected.
Photolysis of 2,2-Dimethylcyclobutanone (5) in Methylene Chloride
A solution of .2. (2 .. 09 g ; ) 99% pure by vpc) in 240 ml methylene
chloride was cooled with an ice bath while nitrogen bubbled through
the solution for 30 min. The solution was irradiated for 6 hrs,
after which 53% of the starting ketone had been destroyed, and a
small peak with the retention time of 12 had appeared. The area of
this peak was about 3% that of the 2 peak before irradiation.
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